In hypophosphatemic rickets, there are both inherited and acquired forms, where X-linked dominant hypophosphatemic rickets (XLH) is the most prevalent genetic form and caused by mutations in the phosphate-regulating endopeptidase (PHEX) gene. XLH is associated with growth retardation and bone deformities. The renal tubular cells have an important role in calcium and phosphate metabolism, where the 1a-hydroxylase enzyme metabolizes the conversion of 25 (OH)-vitamin D to potent 1,25 (OH) 2 -vitamin D, whereas the sodium-phosphate transporter controls tubular phosphate reabsorption. The pathophysiological defect in XLH is speculated to cause an increase in a circulating phosphate regulating hormone termed phosphatonin (fibroblast growth factor 23 is the primary phosphatonin candidate), which leads to inhibition of 1a-hydroxylase, and simultaneously to inhibition of the sodium-phosphate transporter domain NPT2c leading to parathyroid hormone-independent phosphaturia. Hence, current treatment of XLH is 1,25 (OH) 2 -vitamin D or the vitamin D analog alfacalcidol and elementary phosphorus. Unfortunately, patients with XLH may develop nephrocalcinosis, secondary or tertiary hyperparathyroidism, and in some situations also hypertension and cardiovascular abnormalities. We describe a patient with XLH caused by a novel missense mutation in the PHEX gene, who on treatment with alfacalcidol and oral phosphate had normal growth and minimal bone deformities, but who subsequently developed moderate nephrocalcinosis, significant hyperparathyroidism, hypercalcemia, renal failure, and hypertension. We also report the use of the calcimimetic drug cinacalcet in the successful treatment of hypercalcemia and hyperparathyroidism.
Introduction
Rickets and osteomalacia are disorders that result from decreased mineralization of bone matrix or osteoid caused by deficiencies of calcium or phosphorus or both. Rickets is usually divided into hypocalcemic and hypophosphatemic rickets, based on the deficient mineral. In hypophosphatemic rickets, there are both inherited and acquired forms, where X-linked dominant hypophosphatemic rickets (XLH) is the most prevalent genetic form and caused by mutations in the PHEX gene. Such mutations are speculated to increase the levels of phosphatonins by reduced degradation or increased production (1) . Phosphatonins are circulating factors, mainly produced in bone, that act on proximal renal tubular cells to increase phosphate wasting by down-regulation of sodium-phosphate co-transporters (1) . In addition they reduce the activity of the 1a-hydroxylase enzyme leading to inappropriately normal levels of 1,25 (OH) 2 vitamin D3 in the face of hypophosphatemia (1) . Fibroblast growth factor 23 (FGF23) is considered to be the major phosphatonin, and increased levels have been observed in XLH (2) .
Untreated XLH is associated with growth retardation and bone deformities, whereas treatment with oral phosphate and vitamin D preparation may improve growth (3) but is associated with complications including nephrocalcinosis (3), hyperparathyroidism (4), hypertension (5), and cardiovascular abnormalities (6) . Hyperparathyroidism may be an early event in the development of other complications, in particular hypertension (5) , and measures to prevent hyperparathyroidism include the appropriate dosing of phosphate and vitamin D preparation (4) . Recently, the calcimimetic drug cinacalcet has been reported to be effective in the treatment of secondary hyperparathyroidism in patients receiving hemodialysis (7) , and there is some preliminary evidence of a beneficial effect in XLH (8) .
We describe a patient with XLH, caused by a novel missense mutation in the PHEX gene, who on treatment with alfacalcidol and oral phosphate had normal growth and minimal bone deformities, but who subsequently developed moderate nephrocalcinosis, significant hyperparathyroidism, hypercalcemia, renal failure, and hypertension. We also report the use of the calcimimetic drug cinacalcet in treatment of hypercalcemia and hyperparathyroidism in this patient.
Methods
The studies were performed according to the Declaration of Helsinki of 1975, as revised in 2000. Informed consent was obtained from all subjects or their parents.
All coding exon and exon-intron boundaries of the PHEX gene were screened for mutations (Amplexa Genetics, Odense, Denmark).
Case history
The patient was a healthy girl by birth, born at term, birth weight 2960 g (just below 10th centile), who, by 5 months of age, developed subnormal serum phosphate levels and the characteristic findings of rickets. Due to the family history, the diagnosis of XLH was suspected, and she was started on treatment with oral phosphate doses six times daily and alfacalcidol (Fig. 1A) , and her levels of alkaline phosphatase improved (Fig. 1B) . At the age of five, she had an intermittent clinical and radiological progression of rickets. Her parathyroid hormone (PTH) levels remained elevated, whereas her calcium phosphate product and serum creatinine levels were normal in her first decade ( Fig. 1C and D) . She had a moderate and stable nephrocalcinosis as evaluated by ultrasonographic examinations of her kidneys (grade II-III) (9).
Her mother had been diagnosed with hypophosphatemic rickets and was of short stature and had developed genu varum ( Fig. 2A) . The parents of the mother had reportedly normal serum phosphate levels. A 4-year old younger brother of the patient was considered to be healthy (he had by 1 year of age a phosphate level of 1.46 mM, a calcium level of 2.48 mM and alkaline phosphatase level of 415 U/l). No other relatives were clinically affected (Fig. 1B) . We found a novel missense mutation, c.914TOC (L305P), in exon 8 of the PHEX gene, co-segregating with disease ( Fig. 2B ). This amino acid substitution was phylogenetically conserved and occurred in the extracellular domain of the PHEX protein, and no known polymorphisms have been reported in this position to date to our knowledge. By 12 and a half years her calcium levels started to increase, and by 13 and a half years her phosphate levels were elevated (Table 1) . By 14 years and 11 months, she was referred for hypertension and renal failure. It was noted that she recently had a reduced compliance for alfacalcidol and phosphate. She had also been diagnosed with a recent Epstein-Barr virus (EBV) infection by her family doctor. At admittance, her blood pressure was 180 mmHg systolic to 110 mmHg diastolic. The examination was otherwise normal. Evaluation of hypertension revealed no hypertensive retinopathy and echocardiogram revealed only a slight dilatation of the left ventricle. We identified no renovascular or endocrine causes of hypertension. She had a normal magnetic resonance imaging of the renal arteries, and normal hormone levels including catecholamines, aldosterone, cortisol, and thyroxine. She had also signs of decreased renal function (Fig. 1D ) and her measured glomerular filtration rate (iohexol clearance) was reduced to 50 ml/min per 1.73 m 2 (normally 80-125 ml/min per 1.73 m 2 ). Nephrological evaluation revealed a normal diuresis (1800 ml/24 h, 2600 ml/24 h), normal urine sediment, an albumin to creatinine ratio of 4.9 mg/mmol (normally !2 mg/mmol), a slight glycosuria, and b 2 microglobinuria. She also presented with hypercalciuria (Table 1) . Her hemoglobin concentration was normal (13.4 g/dl) and ultrasound of her kidneys showed normal-sized kidneys with increased echogenicity, nephrocalcinosis grade I-II and no post-renal causes, including kidney stones. She had normal plasma renin assays and negative immunological assays except elevated EBV IgM and antistreptococcal DNAse B (472 IU/ml, N!200) and antistreptolysin (753 IU/ml, N!400) levels. A renal biopsy showed calcium deposits in the cortical area mainly in the interstitium, interstitial inflammation and fibrosis, periglomerular fibrosis but no glomerular inflammation and no vascular sclerosis (Fig. 2C) .
It was concluded that the patient had a tubulointerstitial nephritis caused by calcium phosphate deposits, although it was realized that EBV infection can also lead to tubulointerstitial nephritis. She used no medication known to induce tubulointerstitial nephritis, had no signs of sarcoidosis and a normal ACE level. She also had a moderate hyperparathyroidism. It was decided to discontinue alfacalcidol, and then to restart alfacalcidol at a lower dose (Fig. 1A) . The patient was started on 30 mg of cinacalcet. Oral phosphate was tapered and then discontinued (Fig. 1A) . She quickly became normotensive with conventional anti-hypertensive treatment with nifedipine and labetalol. With this combined treatment we reversed the increase of the calcium phosphate product and of creatinine (Fig. 1D) , and the serum calcium and phosphate levels and calciuria were normalized ( Table 1 ). The PTH levels remained moderately elevated (Fig. 1C) and a recent ultrasound of the thyroid region revealed two hypoechogenic lesions caudally of the right thyroid lobe and a lesion 1-2 cm caudally of the left thyroid lobe. Radionucleotide scanning with 99mTc-sestamibi revealed lesions in the identical positions as demonstrated by ultrasound (Fig. 2D ). At present she has reached a normal adult height of 172 cm and has no bone deformities in contrast to her mother (Fig. 1A ).
Discussion
We have described a patient with XLH, caused by the novel missense mutation L305P in the PHEX gene. Co-segregation studies support a causal role of this variant and confirms the diagnosis of XLH. On treatment with alfacalcidol and oral phosphate the patient had normal growth and minimal bone deformities, but subsequently developed hyperparathyroidism, hypercalcemia, renal failure, and hypertension. We believe that the patient had secondary hyperparathyroidism in her first decade, which has stimulated the development of tertiary hyperparathyroidism by the age of 12 years, observed by the increase in serum calcium levels in face of elevated PTH levels. Consequently, hypercalcemia has stimulated the development of hypertension by the possible mechanism of intracellular Ca deposition in vascular smooth muscle cells (5) . Normal plasma renin levels add to the evidence against a renal cause of hypertension.
Simultaneously, the patient developed renal dysfunction, as evidenced not only by the increasing serum creatinine levels and by a reduced measured glomerular filtration rate, but also by the increasing serum phosphate levels in face of a reduced compliance of oral phosphate intake. The patient had stable nephrocalcinosis, but there is no reported evidence that nephrocalcinosis leads to permanently reduced renal function (3, 10) . Nephrocalcinosis is found in most XLH patients treated with oral phosphate and vitamin D preparation (3), and phosphate dose seems to be important for the severity of nephrocalcinosis (3). With concomitant hyperparathyroidism causing hypercalcemia and hypercalciuria, however, intratubular calcium phosphate crystals form (11), and we believe that this process has occurred in the patient as evidenced by the increase in calcium phosphate products. This process may have caused a transient renal failure, accentuated by a vicious circle where increasing renal dysfunction leads to a further rise in serum phosphate levels (10) .
By reducing the intake of oral phosphate and vitamin D preparation and by adding a small dose of cinacalcet, we reversed the increase in calcium phosphate products and improved the renal function in the patient. Cinacalcet is a calcimimetic drug that modulates the calcium sensing receptor enhancing its sensitivity to circulating calcium concentrations and consequently reducing PTH secretion. It represents a new treatment of hyperparathyroidism, particularly in end stage renal failure, and is usually well tolerated (12) . There is some preliminary evidence that it can reduce PTH secretion in response to a phosphate bolus in subjects with XLH (9) . The patient has, however, developed myalgia, which may be related to cinacalcet-induced transient hypocalcemia (12) , although most patients with cinacalcetinduced hypocalcemia will be asymptomatic (13) . If unavoidable, the patient will probably require parathyroid gland surgery to correct her tertiary hyperparathyroidism.
In retrospect, we could have potentially prevented the development of tertiary hyperparathyroidism by increasing the doses of active vitamin D, allowing calciuric levels to occur which were closer to the hypercalciuria threshold. Alternatively, we could have reduced the absolute dose of oral phosphate or given the phosphate more frequently, even eight times daily. We would then have had to balance this approach with an increased risk of affecting normal growth and bone structure, warranting a stricter surveillance of growth and of rickets.
In conclusion, it is essential to minimize the hyperparathyroidism in XLH patients, and cinacalcet represents a new means of reducing the hyperparathyroidism and hypercalcemia. Hypercalcemia may contribute to the development of hypertension and transient renal dysfunction, and we advocate that serial measurements of blood pressure and renal function be included in the monitoring of XLH patients. Future treatment of XLH may include the direct targeting of FGF23 levels.
